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Although there have been substantial research efforts examining the effect of various rates 
of change in reaching movements, there has been little to no research devoted to this issue 
during object manipulation tasks. In force-field and visuomotor adaptation studies, two 
parallel processes have been identified: first, a fast process that adapts and de-adapts 
quickly is thought to enable the actor to deal with potentially transient perturbations. 
Second, a slower, but longer lasting process adapts if these initial perturbations persist 
over time. In a largely separate body of research, the role of credit assignment has been 
examined in terms of allotting the cause of errors to changes in the body vs. changes 
in the outside world. Of course, these two processes are usually linked within the real 
world, with short lasting perturbations most often being linked to external causes and 
longer lasting perturbations being linked to internal causes. Here, we demonstrate that the 
increases in load forces associated with a gradual increase in object weight during a natural 
object lifting task are transferred when lifting a novel object, whereas a sudden increase in 
object weight is not. We speculate that gradual rates of change in the weight of the object 
being lifted are attributed to the self whereas fast rates of change are more likely to be 
attributed to the external environment. This study extends our knowledge of the multiple 
timescales involved in motor learning to a more natural object manipulation scenario, while 
concurrently providing support for the hypothesis that the multiple time scales involved in 
motor learning are tuned for different learning contexts. 
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INTRODUCTION 

Although our motor system is finely tuned to generate accu- 
rate movements when interacting with our environment, we 
inevitably make many mistakes on a daUy basis when manipu- 
lating our surroundings. Luckily, the motor system is capable of 
adapting future movement based on the errors experienced in 
previous interactions with the world. To fully-benefit from this 
type of error-based learning, the underlying cause of experienced 
errors must be identified. For example, suppose you are playing 
a round of golf, and on the 10th hole your drive off the tee 
falls much shorter than you had predicted. When the swing 
is made, the sensorimotor system is capable of comparing the 
movement's outcome to a desired and/or predicted state. The 
information that results from this comparison can be used to 
inform the motor system that the target goal was not attained, and 
provides some initial information as to how the target was missed. 
In our golf example, this error-based learning could be used 
to adjust the motor commands for the following swing. Error- 
based learning is well-understood, having been examined in many 
variants of adaptation paradigms including saccadic adaptation 
(Pelisson et al., 2010), reaching in force fields (Thoroughman 
and Shadmehr, 2000), and grip force modulation (Flanagan and 
Wing, 1997). 



It is, therefore, apparent that our motor system is capable 
of adapting future movements based on errors experienced in 
previous scenarios. However, in the real world, there are a number 
of potential causes for a given motor movement that could result 
in an unexpected outcome. If we return to the golf example, a 
strong headwind or fatigue could both result in the shot falling 
shorter than expected, but the corrections the motor system 
should engage in would be different for each situation. Although 
the end goal of needing to hit the ball further is equivalent in 
both scenarios, the optimal way to achieve that goal is not. If a 
gust of wind is responsible, any changes in the motor plan related 
to the swing should be temporary. However, if general fatigue is 
to blame, motor plans should be adjusted for the remainder of 
the game. In order to maximize motor performance, assigning 
blame to the correct cause is essential, and is a credit assignment 
problem. Research has shown that when we learn new dynamics 
related to a movement, we are able to link learning to appropriate 
contextual cues. This, in turn, allows for the cause of any errors to 
be linked to the self, vs. the external world. For instance, after- 
effects, the hallmark of motor adaptation, are commonly seen 
following adaptation to both visual and force perturbations in 
a number of tasks (Shadmehr and Mussa-Ivaldi, 1994; Scheldt 
et al, 2000; Krakauer et al, 2005; Smith et al., 2006). However, 
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such after-effects can be substantially reduced through contextual 
cues that link the perturbation to the external world vs. the 
participant's body (Lackner and Dizio, 2005; Kluzik et al., 2008). 
In other words, if a reliable external source of a perturbation 
is provided to the actor, they only adjust their motor plans 
when in that specific context. In comparison, if no such cues are 
available, the error is attributed to the self, and after-effects are 
observed. 

Recent work has also shown that errors appear to be allocated 
with differing time scales. Specifically, using both visuomotor and 
force-field adaptation, two parallel processes have been identified. 
A fast process that adapts and de-adapts quickly, and an aptly 
named slow process that adapts and de-adapts with a more grad- 
ual time scale (Newell, 1991; Shadmehr and Mussa-Ivaldi, 1994; 
Krakauer et al., 2005; Smith et al, 2006; Huang and Shadmehr, 
2009). The benefit of a system with two (or more) processes 
that vary in their temporal characteristics is that rapid learning 
mechanisms would enable the individual to deal with potentially 
short-lived perturbation (such as a gust of wind), and the slower 
mechanism(s) could be used in situations where the source of 
the error is longer lasting (such as fatigue). Of course, these 
timescales themselves must be flexible, with research showing that 
they can be adjusted depending on the rate of change previously 
experienced (Huang and Shadmehr, 2009). 

To date, there have been very few studies examining issues 
of credit assignment during object lifting tasks, although it is 
apparent that object lifting also requires solutions to the credit 
assignment problem. To lift an object efficiently, one must predict 
the weight of the object to be lifted (Johansson and Westling, 1 988; 
Wolpert and Flanagan, 2001; Flanagan et al, 2006; Johansson and 
Flanagan, 2009). An efficient lift can be described as one consist- 
ing of a smooth increase in vertical load force to a level that just 
exceeds the predicted weight of the object. When lifting a novel 
object, people are quite accurate at predicting its weight, provided 
it falls within our long-term size-weight (Gordon et al., 1991; 
Flanagan and Beltzner, 2000; Mon- Williams and Murray, 2000) 
or material-density priors (Gordon et al, 1993; Buckingham et al., 
2009). Despite this proficiency in predicting object weight, there 
are times when these predictions will contain errors. In order 
to maximize future lifting performance, the source of an error 
related to an incorrect initial prediction of the forces required 
to lift an object off a surface should be identified by the motor 
system. For example, if the error in lifting performance was a 
result of interacting with an object with an unusual size-weight 
relationship, sensorimotor memory can be used to adapt future 
lifts of the same object (Johansson and Cole, 1992; Flanagan 
et al., 2006; Johansson and Flanagan, 2009), or a combination of 
sensorimotor memory and long-term priors can be used when 
extrapolating to newly encountered objects (Baugh et al., 2012). 
However, in all of these scenarios, errors in lifting must be 
correctly assigned to the external environment, or to the self, 
appropriately. 

The current study was designed to examine how the rate of 
change in an object's mass affects whether the experienced error in 
lifting performance are transferred to a novel to-be-lifted object. 
To address this issue, participants were asked to repeatedly lift a 
small cube. Unknown to the participant, the weight of that cube 



either increased from a weight of 400 g to a final weight of 570 g 
at a level below conscious perception over a series of 90 lifting 
trials, or suddenly increased from 400 g to the final weight midway 
through the experiment. After 90 lifts, all participants were then 
asked to lift a larger cube with an outer visual appearance that was 
different from the previously lifted blocks. 

We hypothesized that if those participants in the gradual 
weight change condition interpreted the changes in object weight 
during the first 90 lifts to the self, they would lift the newly 
encountered larger block with greater lifting forces than those 
participants that were in the sudden weight change condition. 
Confirmation of this prediction would provide support for the- 
ories that posit the rate of change experienced plays a criti- 
cal role in how the motor system solves the credit assignment 
problem. 

MATERIALS AND METHODS 
PARTICIPANTS 

Thirty-nine participants (17 female; mean age 32; std. dev. 
16) recruited from the University of South Dakota took part 
in this experiment after providing written informed consent. 
All participants performed the experiment with their dominant 
hand, as assessed by a modified Edinburgh handedness inventory 
(Oldfield, 1971). All experimental procedures were approved by 
the University of South Dakota's Institutional Review Board, 
and participants received financial compensation (20 USD per 
hour) or course credit for their time. Participants were randomly 
assigned to one of two experimental conditions (see below). 

APPARATUS 

A total of 10 objects were used in this experiment. These included 
nine medium (216 cm^) sized objects of identical outer appear- 
ance, varying in weight from 400 g to 570 g. A lead core was 
added to the center of each object increasing the weight by 4% 
from the previous block weight, a value known to be below 
the just-noticeable-difference threshold (JND) for weight esti- 
mations in hand-held objects (Brodie and Ross, 1984; Jones, 
1986; Pang et al, 1991). One large cube (729 cm^) was created 
with a different outer visual appearance (red vs. black), with a 
weight of 1354 g. The density of the small light-weight black 
cube (1.81 g/cm3) was chosen as it was unusually heavy for the 
apparent material (polylactic acid (PLA), 1.25 g/cm3) to ensure all 
participants were starting the experiment lifting a novel material- 
density relationship. The density of the heaviest black cube was 
2.63 g/cm3, the resultant of the maximum change in mass possible 
within the JND threshold over the number of lifts participants 
performed. Finally, the density of the large red cube was also set 
to 1.81 g/cm3. As we have previously demonstrated (Baugh et al., 
2012) when extrapolating to larger, unusually weighted blocks, 
weight predictions are brought down by the more stable long- 
term priors related to the apparent material. We anticipated that 
both groups (sudden and gradual) would predict that the large 
red block would have a lower density than the small black cube, 
as their estimates would be reduced by previous experiences with 
lifting plastic blocks. This allowed us to examine the differences 
in weight prediction between the two groups of participants. 



Frontiers In Human Neurosclence 



www.frontlersin.org 



July 2014 I Volume 8 | Article 554 | 2 



Fercho and Baugh 



Credit assignment during object lifting 



without having any participant over-estimate the weight of the 
block. 

During each trial, participants were required to lift an object 
from a tabletop platform (Figure lA) instrumented with two 
force sensors (Nano 17 F/T sensors, ATI Industrial Automation, 
Garner, NC, USA) to a height of approximately 2.5 cm, hold the 
object stationary for 1 s and then place the object next to the 
platform. The force sensors were capped with a flat rectangular 
surface, with a width of 15 cm and a length of 26 cm. These force 
sensors allowed for the precise measurement of the vertical load 
force applied to the object during lifting, up to the point when the 
object lifted off the supporting platform. Participants wore LCD 
shutter-glasses (Plato Technologies, Toronto, Ontario, Canada) 
that blocked vision during the inter-trial intervals. 

PROCEDURE 

Participants were randomly assigned to one of two groups. One of 
the groups (Gradual, N = 20) lifted the entire range of 9 medium- 
sized objects 10 times in the training phase, with the object 
increasing to the next heavier weighted object every 10 lifts, for a 
total of 90 lifts. As all objects were identical in visual appearance, 
and the change in weight was below the JND threshold, partici- 
pants were unaware of this change in object weight. The second 
group (Sudden, N = 19) completed the first half of the training 
phase (45 trials) with the lightest block and the second half of the 
training phase (45 trials) with the heaviest block. Following the 
90 training lifts, both groups completed 10 lifts of the heavy red 
block. 

The shutterglasses prevented participants from seeing the 
experimenter change the lifted object, and prevented any visual 
cues as to object weight. On all trials, the object was removed from 
the tabletop placed on a small table out of the participant's view, 
and then was either replaced or returned to the lifting surface. As 
this procedure was identical in both trials in which the weight of 
the object was changed and those when the weight remained the 
same, no auditory cues were available to the participant to suggest 
the object had been replaced in either of the two conditions. 

Participants received both verbal instructions and a demon- 
stration by the experimenter as to how to perform the lifting 
motion. Participants were asked to lift the test object 2.5 cm 
(1") off the sensor platform, hold it in mid-air for 1 s, and then 
place it on the tabletop. An auditory tone (500 Hz, 1 s) indicated 
when the participant was to begin the lift, and coincided with the 
shutterglasses turning translucent. A second tone (250 Hz, 1 s) 
indicated when the participant was supposed to place the object 
back on the tabletop. At the end of each trial, the shutter glasses 
turned opaque, preventing vision during the inter-trial interval. 

DATA ANALYSIS 

Vertical forces from the sensors were sampled at 250 Hz. Raw force 
signals were low-pass filtered using a 4th order, zero-phase lag 
Butterworth filter with a cut-off frequency of 14 Hz, offiine. A 
signal representing the vertical force applied to the object by the 
hand (i.e., the vertical load force) was obtained by subtracting the 
initial vertical force accounting for the weight of the object when 
fuUy supported by the lifting platform from the recorded signal. 
This processed signal was then differentiated with respect to time 
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FIGURE 1 I Experimental apparatus and data analysis. (A) While seated, 
participants lifted and replaced an object located on top of a platform 
instrumented with two force sensors. Shutter glasses were opaque 
between trials, preventing the participant from observing the to-be-lifted 
block being placed. (B) Load force function from two lifts of the large red 
object, in one lift (gray curves) the initial increase in load force was too low 
for the object weight, in the other lift (black curves), the initial increase in 
load force accurately reached the object weight. (C) Corresponding load 
force rate functions. Of importance, the initial peak in load force rate scaled 
with the initial increase in load force, which is dependent on predicted 
object weight. 
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using a 1st order central difference equation, resulting in the rate 
of change in the load force. 

For each lift of the test objects, the first peak in load force rate 
and the load force associated with this peak were determined. The 
start of the load phase was defined as the time point in which 
the load force first exceeded 0.2 N (Figure IB). Therefore, the 
first peak in load force rate (defined as a maxima followed by a 
decrease) had to occur after the load force exceeded 0.2 N. This 
threshold of 0.2 N was selected as load force values earlier in the 
trial are likely the result of initial finger placement on the block, 
rather than an obvious attempt to lift the object (Figure IC). 
The end of the load phase was defined as the time, just before 
object lift-off, when load force reached within 0.2 N of the weight 
of the object (Figure IB). Due to objects being lifted off the 
force-sensing platform, recording load forces after lift-off was not 
possible. When assessing initial predictions of object weight, such 
a method is adequate because the initial peak rate of change of 
load force occurred well before object lift-off in all of the trials 
examined. 

When lifting objects, people tend to normalize the lift duration 
across object weight by scaling the load force rate, prior to object 
lift off, to the expected weight of the object. Further, by using a 
small target lift height, participants typically will reduce the load 
force rate so that it approaches zero at the expected lift-off time. 
Due to these task characteristics, the peak rate of change of load 
force during the initial increase in load force and the load force at 
the peak rate of change in load force rate are accurate reflections 
of the participants predicted weight of the object (Johansson 
and Westling, 1988; Flanagan and Beltzner, 2000; Flanagan et al., 
2008). 

In many object lifting studies, both vertical load forces and 
horizontal grip forces have been measured. This is typically 
accomplished by having participants lift an object via a handle 
instrumented with force sensors. In the present study, participants 
lifted the object directly off the force sensors, preventing the 
collection of grip force data. Justifying this approach, load force 
provides a more accurate measure of the participant's expected 
weight than grip force, because load force depends solely on 
object weight, whereas grip force depends on object properties 
not directly related to the mass, such as friction between the object 
and digits (Westling and Johansson, 1984). A primary advantage 
of the method utilized in this study is that participants directly 
manipulate the object, and therefore obtain a more natural lifting 
experience (Flanagan et al., 2008). 

Data analysis focused on the first lift of the black cube as this 
reflects a participant's initial predictions as to the weight of the 
object. The last lift of the black cube was also examined, to estab- 
lish no differences existed between our groups before changing to 
the novel large block, as these should be equivalent between the 
two groups of participants as they are lifting the same 547 g block 
immediately preceding the switch to the large block. Of critical 
importance were the first three lifts of the newly encountered large 
red block. This block was weighted to be unusually heavy for its 
size and apparent material at 1354 g, which allowed us to examine 
any differences the rate of change experienced in the previous 
lifting trials had on the initial weight predictions of the novel 
block. Following the experiment proper, participants in both the 



gradual and sudden groups were debriefed as to the true nature of 
the experiment. 

RESULTS 

No participants within the gradual group reported sensing the 
object weight change during debriefing. The initial peak load 
force rate (PeakLFR),the load force at the initial peak load force 
(LF@PeakLFR) rate and the load phase duration (LPD) were 
submitted to a 3 (lift — first 3 lifts of the small black blocks, 
last 3 lifts of the small black block, and first 3 lifts of the large 
red block) x 2 (group — Gradual vs. Sudden) repeated-measures 
analysis of variance (rm-ANOVA) with lift as a within-subject 
factor and condition as a between subject factor. For all three 
measures (PeakLFR aLF@PeakLFR and LPD), a significant inter- 
action between Lift and Condition was observed (-F(2,74) = 5.435, 
P = 0.006; f (2,74) = 3.763, P = 0.028; f (2,74) = 4.395, P = 0.016, 
respectively), demonstrating the effect of lift was not consistent 
across our two groups of participants. There was also a main effect 
of lift, demonstrating that all participants adjusted their lifting 
forces to the weight as the presented block changed. Specifically, 
the heavier blocks used in later trials were lifted with greater forces 
when compared to the lighter blocks used in the earlier trials 
(f(2,74) = 177.305, P < 0.001; ^(2,74) = 216.642, _P < 0.001), and 
were associated with shorter lift durations (-F(2,74) = 39.92, P < 
0.001). 

We expected that, following repeated lifting of the small black 
cubes, participants in all groups would learn to adequately predict 
the forces required to efficiently lift the object, as indicated by 
force output appropriately scaled to the actual weight of the 
object. To ensure this was the case, we examined the first and 
last lifts of the small black cubes, as these were equivalent in 
weight for both the Gradual and Sudden lifting groups. Figure 2 
shows that participants in both groups began the experiment with 
approximately equal load forces when lifting the initial training 
blocks (A) and efficiently increased load force up to the weight of 
the object, and showed no differences in lifting forces in the last 
lifts of the training block (B). Additionally, planned comparisons 
between conditions on the first lift of the training block and 
at the last Uft of the training block revealed no differences in 
the PeakLFR {t^y-) = 0.961, P = 0.343; f(37) = 1.294, P = 0.204, 
respectively), LF@PeakLFR (f(37, = 1.362, P = 0.181; t^j) = 0.214, 
P = 0.832, respectively), or LPD (f(37, = -0.661, P = 0.513; 
f(37) = -1.691, P = 0.099) (C and D; E and F; G and H ). 
These results demonstrate both groups of participants began the 
experiment without significant differences in lifting forces or lift 
durations and ended the training phase of the experiment without 
significant differences in lifting forces or lift durations. 

Load force tracings of the first three lifts of the large red block 
for all participants can be seen in Figure 3A. To test our hypothesis 
that those participants in the gradual weight change group would 
lift the newly encountered red blocks with greater force than those 
participants in the sudden weight change condition, planned 
comparisons between the first three lifts of the large red block 
between each group were performed. Significant differences in 
PeakLFR, LF@PeakLFR, and LPD was found (tpT, = 2.223, P = 
0.032; (-(37) = 2.080, P = 0.044, respectively) (Figures 3B-D). 
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FIGURE 2 I Lift performance on the training blocl<s. (A) Load force 
records as a function of time from the first lift of the training block for all 
participants in both the sudden (black dashed line) and gradual (solid gray 
line) lifting conditions. (B) Load force records for the last lift of the training 
block for all participants. (C-H) Mean initial peak load force rate (PeakLFR) 
(C and D), load force at initial peak in load force rate (E and F), and load 
phase durations (LPD) (G and H) averaged across participants, for the first 
(C, E, and G) and last (D, F, H) of the lifts of the training blocks. Vertical lines 
represent ±1 standard error. 



Finally, to examine the longevity of this effect, planned com- 
parisons between the last three lifts of the large red block for the 



gradual and sudden groups were performed. Load force tracings 
of the last three lifts of the large red block for all participants can 
be seen in Figure 4A. No significant differences in PeakLFR or 
LF@PeaklLFR were found (p's > 0.10) (Figures 4B-D), suggest- 
ing the observed effect was short-lived. 

DISCUSSION 

Although temporal credit assignment has been examined in a 
number of different scenarios, little to no research has examined 
these issues during natural object lifting tasks, despite such sce- 
narios also requiring a solution to the credit assignment problem. 
Specifically, in order to maximize future lifting performance with 
an object, the ability to accurately predict the forces necessary 
to lift said object is an essential component of dexterous object 
manipulation (Johansson and Westling, 1988; Johansson and 
Flanagan, 1999; Wolpert and Flanagan, 2001; Flanagan et al., 
2006), and the temporal nature of the errors applied is likely to be 
an important factor within this prediction, as has been demon- 
strated in other tasks. This study is the first to our knowledge 
that demonstrates experience with an object lifting task is also 
sensitive to the rates of change in object weight. The role of the 
temporal nature of changes in object weight was influential in how 
the errors experienced during object lifting were applied to a novel 
lifting scenario. Further, we believe how the experienced errors 
were credited are related to whether the perturbation was seen as 
arising from the self or from the external environment. As we had 
predicted, we found the rate of change in object weight that the 
participants experienced had a strong influence on participants' 
weight predictions when encountering a newly presented object. 
Specifically, we demonstrated that those participants that expe- 
rienced a scenario in which object weight was slowly increased 
lifted a newly encountered object with a greater initial peak in 
load force rate, and a greater load force at the initial peak in load 
force rate than those participants who experienced a faster change 
in object weight in the training phase. When participants were 
required associate a greater weight with the object to be lifted, they 
were required to link this learning to appropriate contextual cues 
for it to be used in later interactions. Due to participants lifting 
objects off force sensors, we chose to make the order of weight 
change always go from lighter to heavier in both the gradual and 
sudden conditions. This effectively ensured that a participant's 
predicted weight of the test object was either equal to or less than 
the actual weight, allowing accurate load force measurements 
to be obtained from the sensor before object lift-off occurred. 
However, had we made the order reversed (going from heavier 
to lighter), we would expect that rates of change in object weight 
would have the same effect as what we observed in the present 
study. 

Recent models of temporal credit assignment provide a pos- 
sible mechanism by which this linking may occur (Smith et al., 
2006; Lee and Schweighofer, 2009). Under these models, fast 
and slow learning processes act in parallel in response to error 
signals, but differ in both their rates of learning and unlearn- 
ing. As the name would suggest, slow learning processes are 
slower to adapt but also have a slower decay rate. In contrast, 
the fast system is quick to adapt and to de-adapt. In support 
of these models, research has shown that learning in a rapidly 
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FIGURE 3 I Lift performance on first lifts of the large red block. (A) 

Load force records as a function of time from tine first three lifts of 
the large red block for all participants in both the sudden (black 
dashed line) and gradual (solid gray line) lifting conditions. (B-D) Mean 



initial PeakLFR (B), load force at initial peak in load force rate (C), 
and LPD (D) averaged across participants. Vertical lines represent 
±1 standard error, asterisk denotes statistical significance at the p 
0.05 level. 
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FIGURE 4 I Lift performance on last lifts of large red block. (A) Load force 
records as a function of time from the last three lifts of the large red block for 
all participants in both the sudden (black dashed line) and gradual (solid gray 



line) lifting conditions. (B-D) Mean initial PeakLFR (B), load force at initial 
peak in load force rate (C), and LPD (D) averaged across participants. Vertical 
ines represent ±1 standard error. 



changing environment is affected by the temporal features of the 
task. Specifically, when participants made reaching movements 
in an environment which contained rapid changes, the decay 
rate of motor memories was greater than when participants were 
exposed to an environment with gradual changes (Huang and 
Shadmehr, 2009). 

When examining the magnitude of the effect reported here, it 
is interesting to note that the increase in load forces utilized in lift- 
ing the novel large red cube is consistent with the weight change 
experienced by the gradual participant group during the training 
period. An efficient object lift typically consists of unimodal, bell- 
shaped distribution when examining the rate of change in load 
force. Therefore, the initial peak in load force is scaled to the 
predicted object mass, with the load force at the initial peak in 
load force rate being approximately half of the predicted object 
mass (Johansson and Westling, 1984, 1988). When comparing 
the LF@PeakLFR between the gradual and sudden participant 
groups, we observed a difference of approximately 1 N, which 
is quite close to the 0.83 N that one would expect based on 
this simple relationship between load forces and predicted object 
weight. 



It is important to note that we are not claiming that the 
motor system is unable to adapt to the increasing object weight 
when participants were exposed to a gradual change in object 
weight. In fact, when examining the lifting forces utilized at the 
end of the training session, those participants in the gradual and 
sudden weight change condition were applying equal lifting forces 
appropriately matched to the actual object weight (see Figure 2). 
Additionally, when examining the longevity of this effect, after 10 
lifts of the large red cube differences between our groups in any of 
our measures were not present. This suggests that even though 
there were differences between our two experimental groups, 
these differences were short-lived and in both the gradual and 
sudden change participant groups, lifting forces were appropri- 
ately scaled for the object to be lifted. This is in congruence with 
previous studies showing that when lifting objects with poorly 
predicted weight, the motor system adapts to the actual object 
weight within approximately 10 trials (Flanagan and Beltzner, 
2000; Grandy and Westwood, 2006; Flanagan et al, 2008). 

In the present study, we did not directly assess which features 
of the gradual and sudden weight change conditions are used by 
the motor system to determine generalizability. For instance, in 
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the sudden condition, in addition to differences in the temporal 
dynamics, the size of the error subjects experienced is much larger 
than the error experienced in the gradual condition. That is to 
say, that the difference between the predicted forces necessary to 
lift the object, and the eventual force required on a trial in which 
the object changed weight was much greater than the difference 
experienced by those participants in the gradual weight change 
condition. There is mounting evidence that suggests small errors 
affect learning in a fundamentally different way when compared 
to large errors (Criscimagna-Hemminger et al., 2003; Malfait 
and Ostry, 2004; Hatada et al, 2006; Michel et al, 2007; Huang 
and Shadmehr, 2009), and there is some evidence to support 
the neurological correlates related to error correction in these 
two scenarios is distinct (Criscimagna-Hemminger et al., 2010). 
Another important distinction between our rapid and gradual 
adaptation conditions is whether the subject is cognitively aware 
of the error. Our gradual condition was designed so that partici- 
pants were unaware of the change in object weight over time, in 
contrast to those participants in the sudden condition. Previous 
adaptation work has shown that whether a participant is aware 
of a perturbation can change generalization patterns (Malfait and 
Ostry, 2004), and in some cases result in improved performance 
in a reaching task (Hwang et al., 2006), and in others result in 
decreased performance (Mazzoni and Krakauer, 2006). 

Although we believe the presented results provides evidence 
that fast rates of change in an object lifting task are attributed 
to external sources of error, whereas slow rates of change are 
attributed to internal sources (in agreement with previous reach- 
ing work) due to the increased complexity during skilled object 
manipulation a number of alternative explanations warrant dis- 
cussion. Firstly, it is possible that those participants in the gradual 
weight change condition could adjust their internal representa- 
tion of object density — an external attribution. We would predict 
if such a process were responsible for the differences between our 
two groups, we would have observed much higher load forces 
during the first three lifts of the large red block. Extrapolating 
from the final density of the small black cube, the predicted 
weight of the large red cube would be approximately 2000 g. 
In opposition to this, the magnitude of the observed effect was 
much smaller than this value. A second alternative hypothesis 
could be that participants in the sudden weight change condition 
developed an average sensorimotor memory of object density 
that was utilized when extrapolating lifting forces to the large red 
cube. We are unaware of studies which show such an effect, and 
most research has demonstrated that during conditions of unpre- 
dictable object weight changes, load forces are largely correlated 
with the immediately preceding lift (Johansson and Westling, 
1988; Forssberg et al, 1992; Gordon et al, 1994; Salimi et al, 
2000 ) . Nevertheless, as the present study was not directly designed 
to rule out such alternatives, some questions as to the root source 
of the differences in load forces between the sudden and gradual 
participant groups. Future research will examine the distinct roles 
each of these features play when the motor system attempts to 
assign error to motor predictions in object lifting tasks. 

The presented research helps to move the examination of 
motor learning away from a fairly limited number of scenarios 
tested in the laboratory (such as reaching under perturbation) and 



into the more complicated realm of real-world motor control. In 
our day-to-day lives, we are often presented with objects that may 
adjust in mass with or without our knowledge, and the ability 
for the brain to be able to correctly attribute errors in prediction 
under these circumstances is critical for dexterous manipulation 
of our surroundings. Bilateral hemispheres and the right vermis 
of the cerebellum are known to become active during object 
lifting (Kinoshita et al., 2000; Schmitz et al., 2005) and cerebellar 
damage can result in precision grip deficits, especially in the 
coordination of grip force and load force during perturbation 
(MuUer and Dichgans, 1994; Babin-Ratte et al, 1999; Serrien 
and Wiesendanger, 1999; Fellows et al., 2001; Rost et al, 2005). 
These results are consistent with theories that posit an internal 
model related to limb dynamics is implemented within the cere- 
bellum (Wolpert et al., 1998; Blakemore et al, 2001; Wolpert 
and Flanagan, 2001; Kawato et al, 2003). In addtion, it has been 
demonstrated that the cerebellum plays a crucial role in the fast 
learning system and that patients with cerebellar damage may 
show deficits in the fast component of motor learning (Morton 
and Bastian, 2004, 2006; Diedrichsen et al., 2005; Smith and 
Shadmehr, 2005; Tseng et al, 2007). Additionally, transcranial 
direct current stimulation of the cerebellum can increase the rate 
of adaptation to a sudden perturbation, and primary motor cor- 
tex stimulation can improve retention of the perturbation (Galea 
et al, 2011), verifying that the cortico-cerebellar loop is involved 
in the formation and retention of learned adaptation. There is also 
mounting evidence that the fast component of motor learning 
shares critical resources with declarative memory, and is subject 
to interference affects during dual-task paradigms (Anguera et al., 
2010; Keisler and Shadmehr, 2010). Much less is known about the 
slow component of motor learning, aside from the fact that it is 
likely a distinct process and may be related to the same anatomical 
substrates as procedural memory (Keisler and Shadmehr, 2010). 
Future research would be well-served by attempting to further 
dissociate these two timescales of motor learning at the neuronal 
level. 

REFERENCES 

Anguera, J., Reuter-Lorenz, P. A., Willingham, D. T., and Seidler, R. D. (2010). 
Contributions of spatial working memory to visuomotor learning. /. Cogn. 
Netimsci. 22, 1917-1930. doi: 10.1162/jocn.2009.21351 

Babin-Ratte, S., Sirigu, A., Gilles, M., and Wing, A. (1999). Impaired anticipatory 
finger grip-force adjustments in a case of cerebellar degeneration. Exp. Brain Res. 
128, 81-85. doi: 10.1007/s002210050821 

Baugh, L. A., Kao, M., Johansson, R. S., and Flanagan, J. R. (2012). Mate- 
rial evidence: interaction of well-learned priors and sensorimotor memory 
when lifting objects. /. Neurophysiol. 108, 1262-1269. doi: 10.1152/jn.00263. 
2012 

Blakemore, S. J., Frith, C. D., and Wolpert, D. M. (2001). The cerebellum is involved 

in predicting the sensory consequences of action. Neuroreport 12, 1879-1884. 

doi: 10. 1097/00001756-200107030-00023 
Brodie, E. E., and Ross, H. E. (1984). Sensorimotor mechanisms in weight 

discrimination. Percept. Psychophys. 36, 477-481. doi: 10.3758/bf032 

07502 

Buckingham, G., Cant, J. S., and Goodale, M. A. (2009). Living in a material world: 
how visual cues to material properties affect the way that we lift objects and 
perceive their weight. /. Neurophysiol. 102, 3111-3118. doi: 10.1152/jn.00515. 
2009 

Criscimagna-Hemminger, S. E., Bastian, A. J., and Shadmehr, R. (2010). Size of 
error affects cerebellar contribtions to motor learning. /. Neurophysiol. 103, 
2275-2284. doi: 10.1152/jn.00822.2009 



Frontiers in Human Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 554 | 7 



Fercho and Baugh 



Credit assignment during object lifting 



Criscimagna-Hemminger, S. E., Donchin, O., Gazzaniga, M. S., and Shadmehr, R. 
(2003). Learned dynamics of reaching movements generalize from dominant 
to nondominant arm. /. Nenrophysiol. 89, 168-176. doi: 10.1152/jn.00622. 
2002 

Diedriclisen, J., Verstynen, T., Lehman, S. L., and Ivry, R. B. (2005). Cerebellar 
involvement in anticipating the consequences of self-produced actions during 
bimanual movements. /. Neurophysiol. 93, 801-812. doi: 10.1152/jn.00662. 
2004 

Fellows, S. J., Ernst, J., Schwarz, M., Topper, R., and Noth, J. (2001). Precision 

grip deficits in cerebellar disorders in man. Clin. Neurophysiol. 112, 1793-1802. 

doi: 10.1016/sl388-2457(01)00623-x 
Flanagan, J. R., and Beltzner, M. A. (2000). Independence of perceptual and 

sensorimotor predictions in the size-weight illusion. Nat. Neurosci. 3, 737-741. 

doi: 10.1038/76701 

Flanagan, J. R., Bittner, J. R, and Johansson, R. S. (2008). Experience can change 

distinct size-weight priors engaged in lifting objects and judging their weights. 

Curr. Biol. 18, 1742-1747. doi: 10.1016/j.cub.2008.09.042 
Flanagan, J. R., Bowman, M. C, and Johansson, R. S. (2006). Control strategies in 

object manipulation tasks. Curr. Opin. Neurohiol. 16, 650-659. doi: 10.1016/j. 

conb.2006. 10.005 

Flanagan, J. R., and Wing, A. M. (1997). The role of internal models in motion 
planning and control: evidence from grip force adjustments during movements 
of hand-held loads./. Neurosci. 17, 1519-1528. 

Forssberg, H., Kinoshita, H., Eliasson, A., Johansson, R., Westling, G., and Gordon, 
A. (1992). Development of human precision grip. IL Anticipatory control of 
isometric forces targeted for object's weight. Exp. Brain Res. 90, 393-398. doi: 10. 
1007/bf00227253 

Galea, J. M., Vazquez, A., Pasricha, N., de Xivry, J. J. O., and Celnik, P (2011). 
Dissociating the roles of the cerebellum and motor cortex during adaptive 
learning: the motor cortex retains what the cerebellum learns. Cereh. Cortex 21, 
1761-1770. doi: 10.1093/cercor/bhq246 

Gordon, A. M., Forssberg, H., and Iwasaki, N. (1994). Formation and lateralization 
of internal representations underlying motor commands during precision grip. 
Neuropsychologia 32, 555-568. doi: 10.1016/0028-3932(94)90144-9 

Gordon, A. M., Forssberg, H., Johansson, R. S., and Westling, G. (1991). Inte- 
gration of sensory information during the programming of precision grip: 
comments on the contribution of size cues. Exp. Brain Res. 85, 226-229. doi: 10. 
1007/bf00230004 

Gordon, A. M., Westling, G., Cole, K., and Johansson, R. S. (1993). Memory 
representations underlying motor commands used during manipulation of 
common and novel objects. /. Neurophysiol. 69, 1789-1796. 

Grandy, M. S., and Westwood, D. A. (2006). Opposite perceptual and sensorimotor 
responses to a size-weight illusion. /. Neurophysiol. 95, 3887-3892. doi: 10. 
1152/jn.00851.2005 

Hatada, Y., Miall, R. C, and Rossetti, Y. (2006). Two waves of a long-lasting 

aftereffect of prism adaptation measured over 7 days. Exp. Brain Res. 169, 417- 

426. doi: 10.1007/s00221-005-0159-y 
Huang, V. S., and Shadmehr, R. (2009). Persistence of motor memories reflects 

statistics of the learning event. /. Neurophysiol. 102, 931-940. doi: 10.1152/jn. 

00237.2009 

Hwang, E. J., Smith, M. A., and Shadmehr, R. (2006). Dissociable effects of the 
implicit and explicit memory systems on learning control of reaching. Exp. Brain 
Res. 173, 425^37. doi: 10.1007/s00221-006-0391-0 

Johansson, R. S., and Cole, K. J. (1992). Sensory-motor coordination during 
grasping and manipulative actions. Curr. Opin. Neurohiol 2, 815-823. doi: 10. 
1016/0959-4388(92)90139-c 

Johansson, R. S., and Flanagan, J. R. (1999). "Sensorimotor control of object 
manipulation," in Encyclopedia of Neuroscience, ed L. Squire (Oxford, UK: 
Academic Press), 593-604. 

Johansson, R. S., and Flanagan, J. R. (2009). Coding and use of tactile signals from 
the fingertips in object manipulation tasks. Nat. Rev. Neurosci. 10, 345-359. 
doi: 10.1038/nrn2621 

Johansson, R. S., and Westling, G. (1984). Roles of glabrous skin receptors and sen- 
sorimotor memory in automatic control of precision grip when lifting rougher 
or more slippery objects. Exp. Brain Res. 56, 550-564. doi: 10.1007/bf002 
37997 

Johansson, R. S., and Westling, G. (1988). Coordinated isometric muscle com- 
mands adequately and erroneuously programmed for the weight during lifting 
task with precision grip. Exp. Brain Res. 71, 59-71. doi: 10.1007/bf00247522 



Jones, L. A. (1986). Perception of force and weight: theory and research. Psychol. 

Bull. 100, 29-42. doi: 10.1037//0033-2909. 100.1.29 
Kawato, M., Kuroda, T., Imamizu, H., Nakano, E., Miyauchi, S., and Yoshioka, T. 

(2003). Internal forward models in the cerebellum: fMRI study on grip force 

and load force coupling. Prog. Brain Res. 142, 171-188. doi: 10.1016/s0079- 

6123(03)42013-x 

Keisler, A., and Shadmehr, R. (2010). A shared resource between declara- 
tive memory and motor memory. /. Neurosci. 30, 14817-14823. doi: 10. 
1523/JNEUROSCL4160-10.2010 

Kinoshita, H., Oku, N., Hashikawa, K., and Nishimura, T. (2000). Functional brain 
areas used for the lifting of objects using a precision grip: a PET study. Brain Res. 
857, 119-130. doi: 10.1016/s0006-8993(99)02416-6 

Kluzik, J., Diedrichsen, J., Shadmehr, R., and Bastian, A. J. (2008). Reach adapta- 
tion: what determines whether we learn an internal model of the tool or adapt 
the model of our arm? /. Neurophysiol. 100, 1455-1464. doi: 10.1152/jn.90334. 
2008 

Krakauer, J. W, Ghez, C, and Ghilardi, M. (2005). Adaptation to visuomotor 

transformations: consolidation, interference and forgetting. /. Neurosci. 25, 473- 

478. doi: 10.1523/jneurosci.4218-04.2005 
Lackner, J. R., and Dizio, P. (2005). Motor control and learning in altered dynamic 

environments. Curr. Opin. Neurohiol. 15, 653-659. doi: 10.1016/j.conb.2005.10. 

012 

Lee, J. Y, and Schweighofer, N. (2009). Dual adaptation supports a parallel architec- 
ture of motor memory. /. Neurosci. 29, 10396-10404. doi: 10.1523/JNEUROSCI. 
1294-09.2009 

Malfait, N., and Ostry, D. J. (2004). Is interlimb transference of force-field adap- 
tation a cognitive response to the sudden introduction of load? /. Neurosci. 24, 
8084-8089. doi: 10.1523/jneurosci.l742-04.2004 

Mazzoni, P., and Krakauer, J. W. (2006). An implicit plan overrides an explicit 
strategy during visuomotor adaptation. /. Neurosci. 26, 3642-3645. doi: 10. 
1523/jneuroscL53 17-05.2006 

Michel, C, Pisella, L., Prablanc, C., Rode, G., and Rossetti, Y. (2007). Enhancing 
visuomotor adaptation by reducing error signals: single-step (aware) versus 
multiple-step (unaware) exposure to wedge prisms. /. Cogn. Neurosci. 19, 341- 
350. doi: 10.1162/jocn.2007.19.2.341 

Mon-Williams, M., and Murray, A. H. (2000). The size of the visual size cue used 
for programming manipulative forces during precision grip. Exp. Brain Res. 135, 
405-410. doi: 10.1007/s002210000538 

Morton, S. M., and Bastian, A. J. (2004). Prism adaptation during walking gener- 
alizes to reaching and requires the cerebellum. /. Neurophysiol. 92, 2497-2509. 
doi: 10.1152/jn.00129.2004 

Morton, S. M., and Bastian, A. J. (2006). Cerebellar contributions to locomotor 
adaptations during splitbelt treadmill walking. /. Neurosci. 26, 9107-9116. 
doi: 10.1523/jneurosci.2622-06.2006 

Miiller, E, and Dichgans, J. (1994). Dyscoordination of pinch and lift forces during 
grasp in patients with cerebellar lesions. Exp. Brain Res. 101, 485-492. doi: 10. 
1007/bf00227341 

Newell, K. M. (1991). Motor skill acquisition. Annu. Rev. Psychol. 42, 213-237. 
doi: 10.1 146/annurev.psych.42. 1.213 

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edin- 
burgh inventory. Neuropsychologia 9, 97-113. doi: 10.1016/0028-3932(71) 
90067-4 

Pang, X., Tan, H. Z., and Durlach, N. (1991). Manual discrimination of force 
using active finger motion. Percept. Psychophys. 49, 531-540. doi: 10.3758/ 
bf03212187 

Pelisson, D., Alahyane, N., Panouilleres, M., and Tilikete, C. (2010). Sensorimotor 
adaptation of saccadic eye movements. Neurosci. Biobehav. Rev. 34, 1103-1120. 
doi: 10.1016/j.neubiorev.2009.12.010 

Rost, K., Nowak, D. A., Timmann, D., and Hermsdorfer, J. (2005). Preserved and 
impaired aspects of predictive grip force control in cerebellar patients. Clin. 
Neurophysiol 116, 1405-1414. doi: 10.1016/j.clinph.2005.02.015 

Salimi, I., Hollender, I., Frazier, W, and Gordon, A. M. (2000). Specificity on 
internal representations underlying grasp. /. Neurophysiol 84, 2390-2397. 

Scheldt, R. A., Reinkensmeyer, D. J., Conditt, M. A., Rymer, W. A., and Mussa- 
Ivaldi, F. A. (2000). Persistence of motor adaptation during constrained, multi- 
joint, arm movements. /. Neurophysiol 84, 853-862. 

Schmitz, C, Jenmalm, P., Ehrsson, H. H., and Forssberg, H. (2005). Brain activity 
during predictable and unpredictable weight changes when lifting objects. /. 
Neurophysiol 93, 1498-1509. doi: 10.1152/jn.00230.2004 



Frontiers in Human Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 554 | 8 



Fercho and Baugh 



Credit assignment during object lifting 



Serrien, D. J., and Wiesendanger, M. {1999). Role of the cerebellum in tuning 

anticipatory and reactive grip force responses. /. Cogn. Neurosci. 11, 672-681. 

doi: 10.1162/089892999563634 
Shadmehr, R., and Mussa-Ivaldi, F. A. (1994). Adaptive representation of specific 

dynamics during learning of a motor task. /. Neurosci. 14, 3208-3224. 
Smith, M. A., Ghazizadeh, A., and Shadmehr, R. (2006). Interacting adaptive 

processes with different timescales underlie short-term motor learning. PLoS 

Biol. 4:el79. doi: 10.1371/journal.pbio.0040179 
Smith, M. A., and Shadmehr, R. (2005). Intact ability to learn internal models 

of arm dynamics in Huntington's disease but not cerebellar degeneration. /. 

Neurophysiol. 93, 2809-2821. doi: 10.1152/jn.00943.2004 
Thoroughman, K. A., and Shadmehr, R. (2000). Learning of action through 

adaptive combination of motor primitives. Nature 407, 742-747. doi: 10. 

1038/35037588 

Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., and Bastian, A. J. 
(2007). Sensory prediction errors drive cerebellum-dependent adaptation of 
reaching./. Neurophysiol. 98, 54-62. doi: 10.1152/jn.00266.2007 

Westling, G., and Johansson, R. S. (1984). Factors influencing the force con- 
trol during precision grip. Exp. Brain Res. 53, 277-284. doi: 10.1007/bf002 
38156 



Wolpert,D. M., and Flanagan, J. R. (2001). Motor prediction. Curr. Biol. 11, R729- 

R732. doi: 10.1016/S0960-9822(01)00432-8 
Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the 

cerebellum. Trends Cogn. Sci. 2, 338-347. doi: 10.1016/sl364-6613(98)01221-2 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 28 April 2014; accepted: 08 July 2014; published online: 29 July 2014. 
Citation: Fercho K and Baugh LA (2014) Ifs too quick to blame myself- — the effects of 
fast and slow rates of change on credit assignment during object lifting. Front. JJum. 
Neurosci. 8:554. doi: 10.3389/fnhum.20 14.005 54 

This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2014 Fercho and Baugh. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License ( CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 554 | 9 



